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Highlights 
 Films made from low molecular weight macromonomers absorb relatively less and had the 
poorest vapor retention. 
 There is an optimum molecular weight for achieving the greatest analyte sorbtion relative to film 
thickness. 
 The surface topology of the PDMS films was very different between the films made from each 
macromonomer.  
 The optimised pre-concentrator film was able to increase the effective nitroaromatic vapour 
concentration by up to two orders of magnitude. 
 
Abstract: 
The capability to detect nitro-based explosives from their vapor is often limited by their low vapor 
pressure. One approach for overcoming this limitation is to use a solid-state pre-concentrator. The sorption 
and desorption of nitroaromatic vapors by poly(dimethylsiloxane)-based (PDMS) films fabricated from 
three different molecular weights of hydroxy-terminated poly(dimethylsiloxane) (HO-PDMS) 
macromonomers has been investigated. It was found that independent of macromonomer molecular weight, 
all the PDMS films were able to sorb nitro-based explosive analyte. However, for PDMS films of similar 
thickness, those formed from the lowest molecular weight macromonomer sorbed the least analyte and had 
the poorest retention capability. Atomic Force Microscopy (AFM) suggested that at least a proportion of 
the analyte was adsorbed onto the surface of the PDMS film formed from the low molecular weight 
macromonomer. PDMS films from the higher molecular weight macromonomers sorb more analyte with 
the vapor diffusing into the bulk of the film. PDMS formed from a 750 cSt macromonomer was found to 
have the best analyte sorption and retention properties. The best pre-concentrator film was determined to 
be able to increase the available analyte for vapor detection by up to 2 orders of magnitude.  
 
Keywords: explosive sensor; pre-concentrator; vapor absorption 
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1.  Introduction 
 
 Explosive devices continue to cause devastation, with loss of life and injury, and damage to property 
through terrorist acts and unexploded ordinance such as landmines [1][2]. Furthermore, the toxicity of many 
explosives can also lead to long-term health issues for humans and contamination of the environment [3] 
[4]. To counter the threat posed by explosive devices, reliable detection is of upmost importance. Among 
the methods of explosive detection, vapor sensing remains one of the most attractive options because it 
provides a method for finding explosives through non-invasive searching and stand-off sensing [5]. 
Unfortunately many high explosives, including nitroaromatics, nitramines, and nitrate esters are difficult to 
detect because they have low volatilities with vapor pressures ranging from parts per billion (ppb) to parts 
per trillion (ppt) [6]. The low volatility of the analytes is a key factor that currently constrains the 
performance of vapor-based detectors for stand-off detection. One solution to the low volatility problem is 
to use a pre-concentrator to effectively increase the amount of the vapor available to be delivered to the 
sensing element. Solid-phase microextractors (SPMEs) have been developed to pre-concentrate samples 
and are often used to collect samples for Gas Chromatography, with the latter providing the selectivity for 
identification of the analyte. SPMEs sorb the sample over a period of time with the concentrated sample 
released by heating, which provides a pulse or packet of the analyte to the sensing device. 
Polydimethylsiloxane (PDMS) and PDMS:1,4-divinylbenzene (DVB) have been used as the active sorber 
of SPMEs for pre-concentration of analytes in the molecular weight range of ≈50-300 amu [8]. In particular, 
SPMEs comprised of either PDMS or PDMS:DVB have been investigated for the pre-concentration of 
nitro-based explosive compounds, with the latter material showing the greatest pre-concentration capability 
based on released material [16].  
 Designing the sorbing material for analyte extraction is important for the development of pre-
concentrators. The sorbing materials are required to have: good analyte affinity, high absorption capacity, 
fast sorption-desorption capability under specific conditions (the sorbed material must remain in the pre-
concentrator material until the releasing conditions are applied), and good thermal stability [7]. PDMS was 
one of the earliest sorbing materials used, both in terms of research and in commercial pre-concentrator 
devices [8]. PDMS can sorb a wide range of analytes, which  is attributed to its porous structure, polyvalent 
trapping properties, and thermal stability that allows field sampling [9]. PDMS is often produced via a sol-
gel process from macromonomers of differing molecular weights. It might be thought that the 
macromonomer molecular weight would only have a minor effect on the properties of the as-formed PDMS. 
However, studies have shown that the molecular weight of the macromonomer can affect the Young's 
modulus [10], wettability/surface energy [10][11], and adhesion and friction [12] of the PDMS. 
In this work, we study the effect of the macromonomer molecular weight on the uptake and subsequent 
release of nitroaromatic vapor from PDMS films fabricated using a sol-gel method. The sol-gel method 
was chosen because it is known to improve the bonding of the film to the substrate compared to the 
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commercially fabricated PDMS microextractors, which results in better thermal and chemical stability 
[19][20]. In particular, we show that good quality transparent PDMS films can be produced by the sol-gel 
method, which enables absorption spectroscopy to be used to quantify the uptake and retention of the 
analyte. 
 
2.  Experiment 
 
2.1.  Reagents   
 
 All chemicals were acquired from commercial suppliers and were used as received, unless otherwise 
stated. Hydrogen peroxide (30% H2O2) and sodium hydroxide (NaOH) were purchased from Chem-Supply 
Pty Ltd while sulfuric acid (98% H2SO4), hydrochloric acid (97% HCl) and methyltriethoxysilane 
(MTEOS) were purchased from VWR International S.A.S., Ajax Finechem Pty Ltd, and Alfa Aesar Inc., 
respectively. Three hydroxy-terminated poly(dimethylsiloxane) (HO-PDMS) macromonomers with 
different viscosities and molecular weights (Mw) of 25 cSt (400 – 700 g/mol), 750 cSt (18,000 g/mol) and 
18,000 – 22,000 cSt (75,000 g/mol) were purchased from Sigma-Aldrich, Co.. The molecular weights were 
obtained from the manufacturer. Poly(methylhydrosiloxane) (PMHS) (Mn: 1700 – 3200 g/mol), 
trifluoroacetic acid (99% TFA), dichloromethane (DCM) and 3 Å molecular sieves were also obtained from 
Sigma-Aldrich, Co.. The DCM was distilled and dried and stored over activated 3 Å molecular sieves before 
use. 4-Nitrotoluene (pNT), 2,4-dinitrotoluene (DNT), and 1,4-dinitrobenzene (DNB) were purchased from 
Sigma-Aldrich Co., while 2,4,6-trinitrotoluene (TNT) was provided by Defence Science and Technology 
Group (Edinburgh, Australia). 
 
2.2.  Preparation of substrates 
 
 Prior to PDMS preparation the fused silica substrates (12 mm diameter) were chemically treated to 
achieve the maximum possible number of surface silanol groups for polymer-substrate bonding. The 
substrates were sonicated in acetone for 10 min, rinsed with distilled water (5 x 20 mL) and dried in an 
oven at 120 °C. The pre-cleaned substrates were soaked in Piranha solution [hydrogen peroxide (30%, 3 
mL) and sulfuric acid (18 M, 9 mL)] for about 1 h while heated at 90 °C, to remove any organic residue. 
The substrates were then washed with distilled water (5 x 20 mL) before being soaked in aqueous sodium 
hydroxide (1 M) for 1 h. The treated substrates were rinsed with distilled water (5 x 20 mL) and soaked in 
hydrochloric acid (0.1 M) for 30 min. Finally, the substrates were washed with distilled water (5 x 20 mL) 
and dried in an oven at 120 °C. 
 
2.3.  Film fabrication 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 The sol-gel precursor solution was composed of the macromonomer (HO-PDMS), cross-linker 
(MTEOS), polymerization-terminating polymer (PMHS), solvent (DCM), and an acid catalyst (95% TFA). 
The solution was prepared following the method described in Ref. [15] with a slight modification in the 
mixing process. MTEOS was used instead of tetraethoxysilane (TEOS) as it has been shown to suppress 
film cracking and proceeded with a faster reaction rate [16]. Taking the optimized ratio from the literature; 
HO-PDMS (1.5 mL of different viscosities), MTEOS (1 mL, 5 mmol) and PMHS (0.1 mL, average of 0.045 
mmol) were dissolved with DCM (1.5 mL). The solution was sonicated for 5 min to facilitate mixing of the 
components. TFA (95%, 0.4 mL) was then added followed by sonication for another 5 min. The clear 
solution was then used immediately for dip-coating. The precursor solution was coated onto two sides the 
fused silica substrates using a Xdip-SV1 dip-coater. The sol-gel precursor solution was poured into a metal 
container (20 mm deep), which was capable of holding around ≈2 mL solution. The cleaned fused silica 
substrates were held by the edge and the holder also had a cover such that when the substrate was immersed 
in the solution the container was covered, thus minimizing the loss of volatile components. The substrate 
was lowered into the sol solution at a constant rate of 50 mm/min and held for 5 min. After soaking, the 
substrate was withdrawn at a constant speed of 50 mm/min and left to dry in air for 12 sec. To increase the 
thickness of the film, the number of dip-coating cycles was varied between 1, 3, 5 and 7 before the final 
drying of the films. The finished coated substrates were dried in an oven for 24 h at 60 °C. Finally, the dried 
films were annealed at 250 °C under high vacuum for 3 h to remove remaining volatiles and pre-condition 
the films so no subsequent morphological changes due to temperature occurred during the measurements. 
 
2.4.  Film characterization   
 
 Infrared spectra were collected using a PerkinElmer Spectrum 1000 Fourier Transform Infrared (FTIR) 
spectrometer. The thermal stability of the films was determined using a PerkinElmer Simultaneous Thermal 
Analyzer (STA) 6000. The thickness of the films was determined using a Veeco Dektak 150 surface 
profiler. The surface topology of the as-cast films, and their evolution upon analyte uptake and release were 
measured using a Cypher Atomic Force Microscope (AFM). The AFM measurements were performed 
twice at two points per sample in air in tapping mode utilizing an Etalon cantilever of 10 nm diameter. 
 
2.5.  Analyte vapor sorption/retention   
 
 The analyte sorption capability of films of different thickness in the absence and presence of the analyte 
was investigated using a Cary 5000 UV-Vis-NIR spectrophotometer. To measure the quantity of analyte 
sorbed by the films, analyte (pNT, DNT, DNB, or TNT) vapor chambers were prepared using 15 mL capped 
glass vials. Each of the vials were filled with 5 mg of the desired analyte, with solids of pNT, DNT and 
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DNB weighed out, and in the case of TNT, 0.7 mL of TNT in acetonitrile solution (7.5 mg/mL) was 
measured and left to dry. The analyte was covered with cotton wool to prevent direct contact between the 
analyte and the sample. The vials were left to equilibrate at room temperature for at least 2 h before the 
samples were introduced. The PDMS films were placed in saturated vapor for 1, 5, 15, 25, 60, 90, or 120 
min or overnight. The amount of analyte sorbed by the film was determined from the change in optical 
density relative to the as-cast film. The change in the optical density was converted to moles using the Beer-
Lambert Law. Details of the calculation are provided in the Supplementary Information. 
 To determine which macromonomer formed the best sorbing PDMS film, we determined the amount of 
sorbed analyte per unit thickness of the films. Optical densities of a minimum of 8 films with varied 
thickness prepared from each macromonomer were measured prior to exposure to pNT vapor. The films 
were exposed to pNT vapor overnight to achieve saturation and determine the maximum sorption capacity 
of the film. The change in optical density between the as-cast and saturated films were transformed to mole 
and normalized by their initial film thickness. The resulting values can be considered as the specific sorption 
capacity of the films (µmol/µm). 
The analyte retention of films of different thickness exposed to saturated pNT vapor for 1 min was 
determined by monitoring the decrease of the analyte absorbance peak (269 nm) after 2 h of the films being 
left open to the atmosphere in the absence of an analyte source. 
 
3. Results and discussion 
 
3.1 Characterization of fabricated PDMS films 
 
 In order to compare the performance of the PDMS formed from the different macromonomers, it was 
important to establish that each film had the same chemical properties independent of starting 
macromonomer. The conversion of the macromonomer to the PDMS film was confirmed by infrared 
spectroscopy for the 25 cSt film (see Figure S1). In particular, the weak broad peak at 3283 cm-1, 
corresponding to the OH stretch of the hydroxyl group of the macromonomer, was absent from the final 
PDMS film. It should be noted that the ratio of the OH groups to the other stretches for the higher molecular 
weight macromononers was smaller and so the presence and absence of the OH stretch pre- and post- 
polymersiation could not be observed for these samples. Nevertheless, the spectra were consistent with 
what has been previously reported in the literature for sol-gel PDMS [15]. As expected, the film thickness 
from each dipping cycle was dependent on the viscosity of the HO-PDMS macromonomer, with the higher 
viscosity macromonomer giving a thicker film for each cycle. The effect of film thickness on the sorption 
and retention of the analyte will be discussed later. Thermal Gravimetric Analysis (TGA) of the PDMS 
films prepared from the different HO-PDMS macromonomers showed a 5% mass loss in the range of 348 
°C to 357 °C, which is also consistent with the literature [17] [13]. 
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Figure 1. Photograph of PDMS coated fused silica substrates fabricated from different HO-PDMS 
macromonomer viscosity solutions: 25 cSt, 750 cSt, and 18,000 cSt; and increasing numbers of dip-coating 
cycles: 1, 3, 5 and 7. 
 
 As shown in Figure 1, the PDMS films formed by the dip-coating process were of sufficient optical 
quality to enable the proposed optical measurements of the sorption process to be undertaken. While films 
formed from the lower viscosity macromonomer (25 cSt) always formed good quality films independent 
of film thickness, those formed from multiple coatings of the higher viscosity HO-PDMS macromonomers 
(750 cSt and 18,000 cSt) did exhibit evidence of scattering, that is, the films were somewhat hazy. Such 
scattering is consistent with an increase in the degree of crystallinity or crystalline domains in the bulk film 
[18] [19]. It is important to note that the light scattering within the thick as-cast films led to slight 
absorbance, which was taken into account in the analyte sorption measurements. For example, the thickest 
as-cast PDMS film (from 18,000 cSt HO-PDMS) of 182 m had an optical density of ~0.4 from 200 nm to 
800 nm. 
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Figure 2. Atomic Force Microscopy (AFM) images of PDMS films fabricated from (a) 25 cSt HO-PDMS, 
(b) 750 cSt HO-PDMS, and (c) 18,000 cSt HO-PDMS macromonomers deposited on a fused silica substrate 
with 1 dip-coating cycle.  
 
 Finally, the AFM film images presented in Figure 2 clearly show significant differences in the surface 
topology of the PDMS films with thickness ranging from 100 nm to 2.3 m prepared from different HO-
PDMS macromonomer viscosities. The 25 cSt PDMS film, with thickness of 100 nm was found to have a 
smooth and uniform film surface with an RMS roughness of around 0.3 nm. The 750 cSt HO-PDMS 
macromonomers led to rougher (1 nm), less uniform PDMS film with random peaks approximately 5 nm 
high scattered across the surface. In contrast, the 18,000 cSt HO-PDMS macromonomer produced film with 
a uniform pattern of hemispherical features with a height of ~15 nm and diameter of 2 m. No pore openings 
were observed at the surface over the largest area and at the highest resolution used in the measurement. 
Given that the AFM tip had a 10 nm diameter, the measurements therefore suggest that any pores in the 
films were smaller than 10 nm. It should be noted that PDMS formed by the sol-gel method has been 
reported to have pore sizes in the range of 2 to 50 nm [20] [21]. 
 
3.2.  Analyte vapor sorption 
   
(b) 
(c) 
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Figure 3. UV-Vis optical density spectra of ~3 µm PDMS films prepared from (a) 25 cSt HO-PDMS, (b) 
750 cSt HO-PDMS, and (c) 18,000 cSt HO-PDMS macromonomers showing the increase in the optical 
density at 269 nm upon exposure of the films to pNT vapor. Note that as the substrates are coated on both 
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sides the measured optical density needs to be halved so that the quantity of analyte sorbed per coating can 
be calculated. 
 
 A key figure of merit of a pre-concentrator is its ability to extract analyte from the sample environment. 
To compare the relative capabilities of the PDMS films prepared from the different macromonomers, 
PDMS films were exposed to 4-nitrotoluene (pNT) vapor while monitoring the change in optical densities 
of the films. pNT has a high vapor pressure (64 ppm) making it faster and simpler for investigating the 
capacity of the films to sorb analyte [6]. The benefit of using UV-vis spectroscopy is that it allows the in-
situ evaluation of analyte extraction from the atmosphere into the film.  
 Figures 3a-c show the change in optical density of ~3 µm PDMS films prepared from 25, 750, and 
18,000 cSt HO-PDMS macromonomers, respectively, as the films sorb pNT vapor over time. The solid line 
at the bottom of each plot correspond to the UV-Vis optical density of the as-cast PDMS film while the 
remaining spectra are from films with sorbed pNT vapor. Importantly, the as-cast PDMS films do not 
absorb light to any appreciable extent at 269 nm, which is the peak absorption wavelength of pNT [18]. 
Upon exposure to pNT vapor, the optical density of each film at 269 nm increases over time. Given that 
the films were of comparable thickness it is clear that the films formed from the 25 cSt HO-PDMS 
macromonomer had a smaller increase in the optical density to those from the 750 cSt and 18,000 cSt HO-
PDMS macromonomers, indicating that the films prepared from the higher molecular weight 
macromonomers had the greater analyte extraction capability. The results imply that the morphology of the 
films prepared from higher molecular weight macromonomers is more amenable to analyte sorption.  
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Figure 4. Change in the amount of pNT sorbed versus time by PDMS films of varying thickness formed 
from each macromonomer (a) 25 cSt HO-PDMS, (b) 750 cSt HO-PDMS, and (c) 18,000 cSt HO-PDMS. 
The optical density change for the thinner films was recorded at 269 nm (pNT absorbance peak) while for 
the thicker films it was measured at 300 nm as the absorbance signal saturated between 244 - 295 nm after 
longer analyte exposure (e.g., 60 minutes). 
 
 Figure 4 shows the pNT vapor uptake over time for films of different thickness prepared from each of 
the macromonomers, and Figure 5 summarizes the amount of analyte for each film after 2 h. The molar 
amount of analyte sorbed was calculated from the change in the optical density between the as-cast and 
vapor-exposed film based on the extinction coefficient of pNT (see Supplementary Information). In the 
initial analysis, it was assumed that extraction occurs by sorption of analyte into the polymer matrix rather 
than adsorption onto the surface of the film as the sorption increases with film thickness in all cases. In 
commercial SPMEs, PDMS is classified as a liquid extracting phase that sorbs analyte into its polymer 
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matrix [22]. It would be expected that as long as there were voids within the film available, it would 
continue to be able to accommodate further analyte up to a saturation point. It can be clearly seen in Figure 
4 that the sorption profiles for the thinner films (0.1 to 5.8 µm) reach a plateau (saturation) after an hour 
while the thicker films (>23 µm) continued to sorb the analyte even after 2 h. We show later that the thicker 
films can reach saturation, but the time required for this to occur was beyond that used for these kinetic 
experiments. 
 
 
Figure 5. Change in the amount of pNT sorbed versus film thickness for films prepared from different 
macromonomer (HO-PDMS) viscosity and exposed to pNT vapor for 2 h. The x-axis error bars show the 
standard deviation of the thickness across the films. The y-axis error bars represent a 3% deviation from 
linearity in the measurement of pNT molar extinction coefficient (see Supplementary Information). 
 
 In spite of the saturation point not being reached for the thicker films, Figure 5 clearly illustrates that 
films prepared from the 25 cSt HO-PDMS macromonomer sorb comparatively less pNT vapor than the 
films fabricated from the 750 cSt and 18,000 cSt macromonomers, which sorb comparable amounts of pNT 
vapor. When the films were 2 m thick, the PDMS from 750 cSt HO-PDMS macromonomer sorbed five 
times more pNT than the PDMS film prepared from the 25 cSt HO-PDMS macromonomer. At about 5 m 
film thickness, the PDMS films from both the 750 and 18,000 cSt macromonomers sorbed similar amounts 
of analyte, around 0.06 mol. Figure 5 also show that there is a gradual increase in the amount of pNT 
sorbed as the film thickness increases up to a limit after which the amount decreases. This behavior was 
independent of the macromonomer used to prepare the PDMS films, wherein the threshold thickness was 
different for each film type, 3 m for the 25 cSt, 50 m for the 750 cSt, and 90 m for the 18,000 cSt 
macromonomer-based films. The results show that increasing the film thickness does not always lead to 
enhanced analyte sorption. The reasons for this are unclear but might arise from the fact that the thicker 
films required several dip-coatings with intermediate drying steps. The drying and re-introduction of films 
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to the sol-gel solution to increase the thickness might be expected to lead to different film morphologies. 
Indeed, as previously noted, the films formed from a greater number of dip-coating cycles were more 
opaque. The film opacity is related to an increased number of crystalline domains, which are more ordered 
and compact, and hence would be expected to lead to poorer analyte sorption. 
 
 
Figure 6. pNT sorption capacities of saturated PDMS films prepared from different macromonomer 
viscosities. 
 
 The results of the analyte sorption tests clearly indicate the superior sorption performance of PDMS 
from the higher molecular weight HO-PDMS macromonomers. To determine the best sorbing material for 
further studies we calculated the sorbed amount per unit thickness of the film (Figure 6). As explained in 
the experimental section, films were saturated with pNT vapor overnight to account for the total sorption 
capacity of the films. The amount of analyte (µmol) sorbed by the analyte-saturated film was normalized 
by the initial thickness of the PDMS film. Figure 6 shows that the mole/m ratio of analyte sorbed by 
PDMS films formed from the 25, 750 and 18,000 cSt HO-PDMS macromonomers was approximately 
1:3:2. Thus the PDMS film prepared from the 750 cSt HO-PDMS macromonomer had the highest sorption 
capacity independent of film thickness. This is likely to be a consequence of the different morphologies of 
the films formed from different macromonomer molecular weights, which will be discussed later. 
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3.3.  Analyte vapor retention 
   
 
Figure 7. (a) Change in the amount of pNT sorbed versus film thickness for films that have been exposed 
to pNT vapor for 1 minute. (b) pNT retained (%) after 2 h standing under normal atmospheric conditions. 
 
 An effective pre-concentrator needs to be able to retain the sorbed analyte until the release is triggered. 
In the case of a pre-concentrator integrated into a portable handheld device, long collection times would 
not be feasible for real-time sensing and thus we tested the pNT uptake from 1 minute exposure (Figure 
7a). The trend was found to be similar to that of Figure 5 where less analyte absorption is seen for the 
PDMS film from the lowest molecular weight macromonomer, while comparable sorption is observed for 
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films made from the higher molecular weight macromonomers. Under the 1 minute exposure, films with a 
range of thickness showed similar pNT sorption and hence film thickness is not an issue for analyte uptake. 
The analyte retention characteristics of the films after 2 h open to the air are shown in Figure 7b. The 
amount of analyte retained by the film was found to be strongly dependent on the film thickness and the 
molecular weight of the macromonomer used, with films from the 750 cSt and 18,000 cSt HO-PDMS 
macromonomers outperforming the films from the 25 cSt HO-PDMS macromonomer. Comparing the 23 
µm and 46.7 µm films from the 750 cSt HO-PDMS macromonomer, both sorbed similar amounts of analyte 
in 1 minute (Figure 7a) but the 46.7 µm film retained 70% of the analyte after 2 h, versus the 40% retained 
by the 23 µm film. A possible explanation for this behaviour is that as the films are unsaturated, the thicker 
films provide greater freedom for the sorbed analytes to diffuse within the bulk of the film without 
encountering the air interface and potentially escaping. In Figure 7b, it can be clearly seen that for films 
that are <5 µm thick, the 25 cSt macromonomer-based films lost approximately 92 - 99% of the analyte 
after 2 h standing while the films from the 750 cSt and 18,000 cSt macromonomers lost ~70% of the analyte. 
The poor retention characteristics of the 25 cSt macromonomer-based PDMS films was found to be 
problematic for performing the measurements, as even a small air flow over the film (e.g., simply by waving 
the substrate) caused the sorbed analyte to be released. The ease of analyte removal for the films formed 
from the the 25 cSt macromonomer led to the larger deviation in the results in Figure 7b compared to the 
data for 750 cSt and 18,000 cSt macromonomer-based films. 
 
3.4.  Surface topology 
 
 In the previous sections, it has been assumed that the analyte simply sorbs into and desorbs out of the 
film. To probe what affect the sorption/desorption process has on the film structure we studied the surface 
topology of the PDMS films using Atomic Force Microscopy (AFM). As described earlier in section 3.1, 
the as-cast films fabricated from the different HO-PDMS macromonomer viscosities exhibited significant 
variation in surface topology. Interestingly, there were significant changes to the surface topologies on 
sorption and desorption of the analyte (Figure 8). In the case of the film formed from the 25 cSt HO-PDMS 
macromonomer, tall sharp features were found to have grown onto the surface of the film after exposure to 
pNT, which apart from those features remained fairly smooth. After desorption, the sharp features 
decreased significantly in size, and hence we attribute the features to pNT particles growing on the surface. 
In contrast, upon analyte sorption the film fabricated from 750 cSt HO-PDMS macromonomer lost the 
peaks (became smoother) and became punctuated with surface holes. After analyte desorption, the number 
of holes decreased but the peaks originally observed on the surface of the as-cast film did not reform. 
Finally, the features on the surface of the film from 18,000 cSt HO-PDMS macromonomer were found to 
flatten out upon analyte uptake, which could be induced by swelling, and on desorption returned to its 
original surface topology. In this case, the swelling and shrinking of the film did not lead to large pore 
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formation. The surface topology images suggest that pNT vapor is sorbed into the films prepared from the 
750 cSt and 18,000 cSt HO-PDMS macromonomers, but maybe mainly adsorbed on the surface of PDMS 
film fabricated from 25 cSt macromonomer. Several studies have indicated that short chain length 
macromonomers lead to materials with a higher density than those formed from long chains [23][24]. It has 
previously been shown that PDMS with increased chain packing density resisted the penetration of water 
and oxygen [24][25]. Additionally, high molecular weight macromonomers have been shown to lead to 
PDMS films with greater phase separation than low molecular weight due to a greater free energy of mixing 
[26], which is also consistent with the haziness of the the thicker films formed from the macromonomers 
with the higher viscosity. Thus, the differences in the sorption and desorption of pNT from the films formed 
from the different macromonomers are consistent with the morphologies of the films. In the case of the 
films from the 25 cSt macromonomer, the analyte sorbs with a significant component of the analyte of the 
surface that is easily removed as it is dense, while for the 750 cSt and 18,000 cSt macromonomer-base 
films the sorption of the analyte is primarily into the film, leading to an increased capacity and better 
retention. 
 
Figure 8. Surface images of PDMS films prepared from 25 cSt HO-PDMS, 750 cSt HO-PDMS and 18,000 
cSt HO-PDMS macromonomers in their as-cast, pNT-sorbed and pNT-desorbed states.
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3.5.  Sorption performance of PDMS films with lower vapor pressure analytes
   
Figure 9. Change in the amount of pNT sorbed versus film thickness for films fabricated from the 750 cSt 
HO-PDMS macromonomer after 2 h exposure to different analyte vapors. 
  
 The results in the previous sections show that the PDMS films can sorb pNT vapor but a pre-concentrator 
is aimed at collecting and retaining lower vapor pressure (VP) analytes (ppb to ppt) [6]. Hence, in the final 
part of the study we tested the best performing PDMS film formulation, formed from the 750 cSt 
macromonomer, with the lower vapor pressure nitroaromatic analytes: 2,4-dinitrotoluene (DNT) (VP ~ 350 
ppb), 1,4-dinitrobenzene (DNB) (VP ~ 47 ppb) and 2,4,6-trinitrotoluene (TNT) (VP ~ 7.2 ppb) [27][28] . 
As shown in Figure 9, the films show the greatest absorption for pNT vapor followed by DNT, DNB and 
lastly, TNT. This trend is consistent with the vapor pressure of each analyte as related to its available 
concentration in the atmosphere.  
 To prove the efficacy of pre-concentration over direct analyte sampling, we calculated the effective 
concentration of the analyte in the film after 2 h and compared it to the saturated vapor concentration. For 
example, assuming complete desorption of 0.6 mol pNT from the 30 m thick film within 10 seconds [as 
in gas chromatography (GC) or high-performance liquid chromatography (HPLC) at 250 °C], and a 
sampling flow rate of 30 cm3/min, the effective concentration of the pNT in the sample packet for analysis 
was ~2700 ppm. This is ~40-fold greater than the saturated vapor pressure (64 ppm). Following the same 
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process, pre-concentrated DNT, DNB and TNT would give analyte packets on release of 70 ppm, 14 ppm 
and 1 ppm, respectively, which is approximately 2 orders of magnitude improvement over their saturated 
vapor pressures at room temperature. In general, the effective concentrations of the analytes were increased 
from ppb to ppm. This enhancement of analyte concentration through pre-concentration will significantly 
improve the response in an explosive vapor detector and potentially enable the detection of analytes with 
ppt vapor pressures. 
 
4.  Conclusion 
 
 In conclusion, our results give strong evidence that the molecular weight of the HO-PDMS 
macromonomers has a substantial effect on the film morphology, and that this in turn causes variation in 
the sorption and retention of analytes (pNT, DNT, DNB, or TNT) in the PDMS film. Investigation of the 
surface topology of the films showed that PDMS films from low molecular weight macromonomer 
exhibited significant surface adsorbed pNT while the PDMS films from the higher molecular weight 
macromonomers manifested diffusion of pNT into the bulk film. Sorption into the film led to greater 
amounts of analyte sorbed and retained. While the thicker films sorb and retain more analyte than thin films 
due to their large volume, longer exposure to vapor is required to reach the maximum capacity of the film. 
At saturation, the PDMS film prepared from the 750 cSt HO-PDMS macromonomer had the greatest 
analyte sorption capacity. This coupled with its analyte retention properties meant that the PDMS films 
from the 750 cSt HO-PDMS the macromonomer were the most effective for pre-concentration of 
nitroaromatic vapors. Finally, it was found that the effective concentration of nitroaromatic vapors that 
could be delivered to an analytical instrument was increased by up to 2 orders of magnitude using the pre-
concentrating film. 
 
Acknowledgements 
This project was supported by UniQuest Pty Ltd. P.L.B is an Australian Research Council (ARC) 
Laureate Fellow (FL160100067) and P.E.S is an Advance Queensland Research Fellow. This work was 
performed in part at the Queensland node of the Australian National Fabrication Facility. A company 
established under the National Collaborative Research Infrastructure Strategy to provide nano and 
microfabrication facilities for Australia’s researchers.  
 
References 
 
[1] D.S. Edwards, L. McMenemy, S.A. Stapley, H.D.L. Patel, J.C. Clasper, 40 years of terrorist 
bombings-A meta-analysis of the casualty and injury profile, Injury. 47 (2016) 646–652.  
[2] A. Frost, P. Boyle, P. Autier, C. King, W. Zwijnenburg, D. Hewitson, R. Sullivan, The effect of 
AC
CE
PT
ED
 M
AN
US
CR
IPT
explosive remnants of war on global public health: a systematic mixed-studies review using 
narrative synthesis, Lancet Public Heal. 2 (2017) e286–e296.  
[3] G.W. Ware, H.N. Nigg, D.R. Doerge, eds., Reviews of Environmental Contamination and 
Toxicology Volumer 161, Springer, New York, 1999. 
[4] A. Seidler, T. Brüning, D. Taeger, M. Möhner, K. Gawrych, A. Bergmann, J. Haerting, H.M. Bolt, 
K. Straif, V. Harth, Cancer incidence among workers occupationally exposed to dinitrotoluene in 
the copper mining industry, Int. Arch. Occup. Environ. Health. 87 (2014) 117–124.  
[5] M.J. Lefferts, M.R. Castell, Vapour sensing of explosive materials, Anal. Methods. 7 (2015) 9005–
9017. 
[6] R.G. Ewing, M.J. Waltman, D.A. Atkinson, J.W. Grate, P.J. Hotchkiss, The vapor pressures of 
explosives, Trends Anal. Chem. 42 (2013) 35–48. 
[7] G. Jiang, M. Huang, Y. Cai, J. Lv, Z. Zhao, Progress of solid-phase microextraction coatings and 
coating techniques., J. Chromatogr. Sci. 44 (2006) 324–332. 
[8] A. Malik, S.L. Chong, Sol-Gel Technology for Thermally Stable Coatings in SPME, in: J. 
Pawliszyn (Ed.), Appl. Solid Phase Microextraction, The Royal Society of Chemistry, Cambridge, 
1999: pp. 73–91. 
[9] S.L. Stefanuto, P-H.; Perrault, K.A.; Focant, J-F. and Forbes, P.-H. Stefanuto, K. Perrault, J.-F. 
Focant, S. Forbes, Fast Chromatographic Method for Explosive Profiling, Chromatography. 2 
(2015) 213–224.  
[10] W. Zhang, X. Su, B. Shi, L. Wang, Q. Wang, S. Li, Influence of molecular weight of 
polydimethylsiloxane precursors and crosslinking content on degree of ethanol swelling of 
crosslinked networks, React. Funct. Polym. 86 (2015) 264–258.  
[11] M.C. Branch, K.J. Wynne, T. Ho, E.E. Johnston, S.A. Myers, Surface Science and Stability of 
Networks Prepared from Hydroxy-Terminated Polydimethylsiloxane and Methyltriethoxysilane, 
Appl. Organomet. Chem. 12 (1998) 763–770. 
[12] A. Galliano, S. Bistac, J. Schultz, Adhesion and friction of PDMS networks: Molecular weight 
effects, J. Colloid Interface Sci. 265 (2003) 372–379.  
[13] S.L. Chong, D. Wang, J.D. Hayes, B.W. Wilhite,  a Malik, Sol-gel coating technology for the 
preparation of solid-phase microextraction fibers of enhanced thermal stability., Anal. Chem. 69 
(1997) 3889–98. 
[14] R.K. Nagarale, G.S. Gohil, V.K. Shahi, R. Rangarajan, Organic - Inorganic Hybrid Membrane : 
Thermally Stable Cation-Exchange Membrane Prepared by the Sol - Gel Method, 
Macromolecules. 37 (2004) 10023–10030. 
[15] C. Yu, Z. Yao, B. Hu, Preparation of polydimethylsiloxane/β-cyclodextrin/divinylbenzene coated 
“dumbbell-shaped” stir bar and its application to the analysis of polycyclic aromatic hydrocarbons 
and polycyclic aromatic sulfur heterocycles compounds in lake water and soil by hig, Anal. Chim. 
AC
CE
PT
ED
 M
AN
US
CR
IPT
Acta. 641 (2009) 75–82. 
[16] V.G. Kessler, Sol-Gel Precursors, in: Sol-Gel Handb., 2015: pp. 195–224.  
[17] A. Amiri, Solid-phase microextraction-based sol – gel technique, Trends Anal. Chem. 75 (2016) 
57–74.  
[18] P.J. Flory, Principles of polymer chemistry, Cornell University Press, New York, 1953. 
[19] A. Ravve, Principles of Polymer Chemistry, 2nd edition, Kluwer Academic/Plenum Publisher, 
New Yor, 2000. 
[20] V. Mani, Properties of Commercial SPME Coatings, in: J. Pawliszyn (Ed.), Appl. Solid Phase 
Microextraction, The Royal Society of Chemistry, 1999: pp. 57–72. 
[21] G.D. Kim, D.A. Lee, J.W. Moon, J.D. Kim, J.A. Park, Synthesis and applications of TEOS PDMS 
hybrid material by the sol-gel process, Appl. Organomet. Chem. 13 (1999) 361–372.  
[22] J. Pawliszyn, Quantitative Aspects of SPME, in: J. Pawliszyn (Ed.), Appl. Solid Phase 
Microextraction, The Royal Society of Chemistry, Cambridge, 1999: pp. 3–21.  
[23] M.M. Rahman, A. Hasneen, H.-D. Kim, W.K. Lee4, Preparation and Properties of 
Polydimethylsiloxane (PDMS)/Polytetramethyleneadipate glycol (PTAd)-Based Waterborne 
Polyurethane Adhesives: Effect of PDMS Molecular Weight and Content, J. Appl. Polym. Sci. 125 
(2012) 88–96. 
[24] J.H. Silver, C.W. Myers, F. Liml, L. Stuart, Effect of polyol molecular weight on the physical 
properties and haemocompatibility of polyurethanes containing -polyethylene oxide macroglycols, 
Biomaterials. 15 (1994) 695–704. 
[25] C.-L. Lee, H.L. Chapman, M.E. Cifuentes, K.M. Lee, L.D. Merrill, K.L. Ulman, K. Venkataraman, 
Effects of polymer structure on the gas permeability of silicone membranes, J. Memb. Sci. 38 
(1988) 55–70.  
[26] H. Andersson, J. Hjärtstam, M. Stading, C. Von Corswant, A. Larsson, Effects of molecular weight 
on permeability and microstructure of mixed ethyl-hydroxypropyl-cellulose films, Eur. J. Pharm. 
Sci. 48 (2013) 240–248.  
[27] M. Krausa, A.A. Rezvev, Vapour and Trace Detection of Explosives for Anti-Terrorism Purposes, 
Kluwer Academic Publisher, Netherlands, 2004. 
[28] P.E. Shaw, P.L. Burn, Real-time fluorescence quenching-based detection of nitro-containing 
explosive vapours: what are the key processes?, Phys. Chem. Chem. Phys. 19 (2017) 29714–
29730.  
 
  
AC
CE
PT
ED
 M
AN
US
CR
IPT
Beta Zenia Poliquit graduated Cum Laude in Bachelor of Science in Chemistry from Visayas State 
University in 2008. She was awarded a Masters of Engineering in Applied Chemistry and Biotechnology 
from Hanbat National University for her research on using polymers to create gel electrolytes for 
Lithium-ion batteries. She is currently pursuing her PhD at The University of Queensland on PDMS-based 
pre-concentrator for trace explosive vapour detection. 
 
Paul Burn is Professor of Chemistry and Head of the Centre for Organic Photonics & Electronics at The 
University of Queensland. He received his PhD from the University of Sydney before moving to 
Cambridge University during which he held the Dow Research Fellow at Christ’s College, Cambridge. In 
1992 he moved to the University of Oxford and then in 2007 moved to The University of Queensland as 
an Australian Research Council Federation Fellow. His research focuses on the development of organic 
optoelectronic materials and their application in technologies. He is an ARC Laureate Fellow and a 
Fellow of the Australian Academy of Science and Royal Society of Chemistry.  
 
Paul Shaw received his PhD in Physics from the University of St Andrews in 2009 on the topic of exciton 
diffusion in conjugated polymers. Since then he has worked as a postdoctoral research fellow at The 
University of Queensland and is currently an Advance Queensland Research Fellow. His research 
interests lie in the application of optical spectroscopy to understand the properties of organic 
semiconductors and the development of sensing technologies based on fluorescent compounds.  
 
 
AC
CE
PT
ED
 M
AN
US
CR
IPT
